Abstract Landscape heterogeneity can be instrumental in determining local disease risk, pathogen persistence and spread. This is because different landscape features such as habitat type determine the abundance and spatial distributions of hosts and pathogen vectors. Therefore, disease prevalence and distribution are intrinsically linked to the hosts and vectors that utilise the different habitats. Here, we develop a simplified reaction diffusion model of the louping-ill virus and red grouse (Lagopus lagopus scoticus) system to investigate the occurrence of a tick-borne pathogen and the effect of host movement and landscape structure. Ticks (Ixodes ricinus), the virus-vector, are dispersed by a virally incompetent tick host, red deer (Cervus elephus), between different habitats, whilst the virus infects only red grouse. We investigated how deer movement between different habitats (forest and moorland) affected tick distribution and hence prevalence of infected ticks and grouse and hence, the effect of habitat size ratio and fragmentation on infection. When habitat type has a role in the survival of the pathogen vector, we demonstrated that habitat fragmentation can have a considerable effect on infection. These results highlight the importance of landscape heterogeneity and the proximity and size of adjacent habitats when predicting disease risk in a particular location. In addition, this model could be useful for other pathogen systems with generalist vectors and may inform policy on possible disease management strategies that incorporate host movements.
Introduction
Vector-borne diseases are widespread across the world, as they are largely transmitted by arthropods (Kalluri et al. 2007 ). These diseases have many health and economic implications, both directly and indirectly affecting humans, domestic animals and wildlife (Kivaria 2006; Randolf 2008; Sachs 2002; Tisdell et al. 1999) . Vectors are utilised by all major pathogen types, including viruses, bacteria and microparasites. The wide diversity of vectors and pathogen types is also reflected in the range of hosts that carry them. Generalists, like ticks, which interact with a wide diversity of hosts, can lead to complicated epidemiology and host community interactions. This is due to the different life stages of the vector feeding on different hosts with the pathogens affecting each host in differing ways. Different vector stages and different host species may have different habitat and climate preferences. Therefore, if we are to manage disease risk, it is important to understand the effect of spatial heterogeneity in the environment (Rand et al. 1995; Sato et al. 1994; Webb et al. 2007; Boots and Sasaki 2001) .
In areas with increasing habitat fragmentation, wildlife pathogens can come into close contact with domestic livestock and human communities, resulting in a greater risk of pathogen transmission. Spillover from pathogen reservoirs within general wildlife into domestic livestock and humans is a well-documented problem (Power and Mitchell 2004) . For example, greater densities of ticks with higher prevalence of Borrelia burgdorferi (the agent of Lyme disease) have resulted from fragmented habitats altering host community composition in the USA (Allan et al. 2003) , especially in the white-footed mouse (Nupp and Swihart 1996) . Understanding habitat fragmentation in conjunction with multiple host and pathogen interactions is not a simple task. The multiple host community influences not only rate of pathogen transmission but, through different use of habitats, also affects how a disease spreads spatially due to different scales of host movement.
Ticks are the most important vectors for zoonotic pathogens in Europe (Gratz 1999; Parola and Raoult 2001; Petrovec et al. 1997) , including the tick-borne encephalitis complex of viruses (Danielova et al. 2002) and bacteria, e.g. B. burgdorferi (Delgardo and Carmenes 1995) . The sheep tick, Ixodes ricinus, is the primary vector for these pathogens as it is a generalist feeder, capable of transmitting multiple pathogens between species. Since different host species have both different transmission competencies (Woolhouse et al. 2001 ) and habitat preferences, the prevalence and spread of I. ricinus-borne pathogens are likely to be influenced greatly by landscape heterogeneities. For this reason, tick-borne pathogen systems such as the louping ill virus (LIV) system are fascinating systems for investigating complex interactions between pathogens, ticks, host communities and heterogeneous landscapes. LIV is the western variant of the tickborne encephalitis complex of viruses, occurring primarily in the UK and Ireland (Reid 1984) . It is currently of great and growing importance in the UK uplands, causing up to 78% mortality in infected red grouse (Lagopus lagopus scoticus Lath.), the most economically important game bird species in the UK uplands. LIV is also of concern to crofting and hill sheep farmers as it causes variable mortality in sheep, depending on farming practices and breed (Ovis aries L.) (Hudson 1992; Reid 1975; Reid et al. 1978) . Other mammals, such as mountain hares (Lepus timidus L.), can also be involved in the persistence of LIV (Hudson et al. 1995; Norman et al. 1999 ) since they permit the transmission of the virus non-viraemically between cofeeding ticks (Jones et al. 1997) . However, other co-feeding trials conducted on small mammals and red deer (Cervus elaphus) found no evidence of either viraemic or nonviraemic transmission (Gilbert et al. 2001; Jones et al. 1997) . Red deer are key to the system even though they are not competent virus transmitters, as they are the main tick reproduction hosts and are crucial to the maintenance of large tick populations (Gray 1998) .
Host types differ not only in their relationship with ticks and the pathogen but also in their habitat usage over the landscape. Here, we use spatially explicit models of the LIV system in the Scottish Highlands to test the effect of landscape heterogeneity and host movement on pathogen prevalence and distribution. The Central Highlands of Scotland consist of mosaics of large areas of moorland with patches of variable sized forest. LIV in the Scottish highlands, therefore, is a particularly interesting and complex pathogen-vector-multi-host system, where pathogen spread relies on hosts moving infected vectors, with each host having a different pathogen transmission competence and habitat preference. It is also highly relevant in terms of rural economics, livelihoods and animal health and welfare in the context of UK uplands.
Previous models of the LIV system have been used to predict the effect of host abundance on LIV persistence on homogeneous heather moorlands and have been non-spatial (Gilbert et al. 2001) . Here, we extend the Gilbert et al. (2001) model in order to predict the effect of spatial heterogeneity and host movements on LIV prevalence and spread. We intend to investigate how deer movement between two habitat types affects (1) tick distribution and (2) LIV prevalence in ticks and grouse. We then model the landscape structure and habitat fragmentation to explore the effect of landscape heterogeneity on tick abundance and distribution and LIV prevalence in ticks and grouse.
Model of the a spatial grouse-deer-tick-louping ill system
We update the Gilbert et al. (2001) model to incorporate space. The dynamics of infection in the total grouse population (G) can be described by the changes in susceptible (G s ), infected (G i ) and recovered (G r ) grouse densities and in the questing tick population by describing infected T i off À Á and susceptible T s off À Á questing ticks. However, with the inclusion of space and host movement, it is necessary to model the average number of ticks carried on different hosts. Laboratory experiments have shown infection rates of grouse to be high and rapid (Reid 1975) . Therefore, for the purposes of this model, we assume that a susceptible grouse becomes immediately infected once it picks up a single infected tick and, at which point, all the susceptible ticks feeding on that grouse at that time then also became infected due to the resultant viraemia. We also assume that all susceptible ticks that subsequently feed on that infected grouse also become infected. The accuracy of these assumptions affects only the value of R 0 slightly and not the qualitative patterns of the model output. These assumptions allow us to simplify the model as we can assume that all the ticks attached to a susceptible or infected grouse are themselves susceptible or infected, respectively; hence, we can model average tick numbers on infected (T on,i ) and susceptible (T on,s ) grouse. Recovered grouse, however, can carry both susceptible and infected ticks simultaneously without any horizontal disease transmission between coattached susceptible T s on;r and infected T i on;r ticks. It is also necessary to model the attachment of ticks upon deer (D); thus, we model the average number of ticks on deer (T on,D ). It is important to stress here that this is the average number of ticks per host at a particular point in space and not total number of ticks on all the hosts. The dynamics of the system were described by the following equations (a full derivation of terms is included in the Appendix):
1. For grouse:
Where G = G s + G i + G r and a g and b g are the birth and death rate of the grouse, respectively, with s g being the density dependence acting upon the fecundity of the grouse. We assume that all grouse produce offspring that are born susceptible to infection and free from any ticks. The induced mortality caused by LIV is α, whilst grouse recover and become immune at a rate γ. Our value for β g (the rate at which ticks attach to a grouse) was chosen such that the model predicted biologically realistic tick burdens on grouse (Kirby et al. 2004) . Our estimate for β g was similar to that used in Gilbert et al. (2001) when adjusted to include the attachment of both susceptible and infected ticks. There is a conversion factor, κ, relating to the attachment of an infected tick converting a susceptible grouse to an infected one. Here, we assume this has a ratio of 1:1 (i.e. κ = 1). Movement of the grouse in continuous 1-dimensional space (x) is approximated by diffusion (random motion) with the rate of grouse movement being, M G .
2. Equations for the average number of ticks per grouse:
Equations 4 to 7 describe the dynamics of the average tick numbers on grouse and are, therefore, undefined in the absence of grouse. The average number of ticks per host increases due to attachment of ticks, at a rate β g and are attached for a mean time period of 1=m g . It is necessary to account for the change in infectious status of ticks and also grouse. The term with square brackets in Eq. 5 deals with susceptible ticks attached to susceptible grouse that are bitten by an infected tick and hence become infected. We also account for the infected grouse that recover from LIV infection in Eq. 7. This is explained in detail in Appendix.
Tick movement in space depends firstly on the hosts upon which they are attached and, secondly, on the average number of ticks per host. Therefore, the net movement of the host population influences the direction and magnitude of net movement of ticks. Individual hosts are always moving in space, even under scenarios when the host population has no net movement from one place to another (e.g. in the absence of virus, thus no sources and sinks of grouse). In these scenarios, movement of individual hosts is approximated by the difference in the tick burdens of individual hosts between adjacent areas as in previous tick movement studies (Caraco et al. 2002) .
We also model the ticks attached to the other major host, deer.
3. Equations for deer and average ticks on deer (ticks/ deer):
A departure from the Gilbert et al. (2001) model is that we now assume that tick uptake by deer is dependent on the number of attached ticks. The attachment rate of ticks on deer, β d , is reduced in effect by a saturation function dependent on average number of ticks on deer. The overall uptake of ticks on deer decreases monotonically as the number of attached ticks increases, with a maximum number of ticks per deer, N. The ticks drop off the deer after feeding at a rate μ d . These ticks, as they are semelparous, then reproduce at a rate ρ t and die; they do not go on to bite any other hosts. The new ticks become questing susceptible ticks T s off . 4. Equations for questing ticks:
As each deer has a maximum number of attached ticks, deer density directly dictates questing tick density through this limitation of attachment sites on the deer host. As there is no amplification of ticks that attach to grouse, there is an exponential decay in questing tick numbers (due to tick mortality, b t ) in the absence of deer. Susceptible/infected ticks drop off susceptible/infected grouse, at rate μ g , into the susceptible/infected free-living tick class, respectively. Ticks dropping off recovered grouse do so in the proportion of infected and susceptible that they attached.
There are a number of equilibria possible, the most important being when all hosts ticks and virus coexist Á , and it is also possible for all hosts and ticks to be absent and at equilibrium (0, 0, 0, 0, 0, 0). The R 0 for ticks to spread in the presence of deer and grouse in the absence of LIV infection is
ð12Þ
, the carrying capacity of questing ticks is
, and average ticks on grouse and deer are T
The total questing tick density has a linear relationship with deer density. In previous models (Gilbert et al. 2001) , tick numbers at equilibrium were determined by a logistic growth rate dependent on tick density and only partly influenced by host density. Gilbert et al. (2001) had a diminishing increase in tick density with an increase in deer density; thus, tick density was only sensitive to changes in host densities when host densities were low. We now investigate the R 0,virus to understand the spread of virus into the equilibrium of susceptible grouse, ticks and deer
Where Γ=(α + b g + γ). The R 0,virus is highest at high grouse and tick densities, as the average number of ticks per deer approaches the maximum level, N, the reduction in R 0 due to high deer numbers becoming less of an affect. The behaviour of the R 0,virus again differs from that of the Gilbert et al. (2001) model. As with the equilibrium of ticks R 0,virus has a linear relationship with deer density, because of the effect of deer abundance on questing tick numbers because adult ticks must feed on a deer in order to reproduce. In the Gilbert et al. (2001) model, deer become less efficient at maintaining tick densities at very low deer densities. As uptake of ticks increases, the reproduction of ticks reaches a maximum; thus, in the Gilbert et al. (2001) model, an increase in deer density eventually reduces the ability for the virus to persist. We calculate the value of R 0,virus and the reduction in grouse numbers through simulations later in the manuscript. We run the model in 1-D space to reduce the complexities and to facilitate the understanding of the system. Parameters are listed in Table 1 ; any parameter changes are listed in the figure legends. Parameter values are taken from previous studies and attempt to produce results that are plausible quantitatively. However, it is the qualitative nature of the model that is of more interest. All results were produced using MATLAB ODE45 which is based on an explicit Runge-Kutta (4, 5) formula.
The effect of deer movement on tick distribution: incorporating spatial heterogeneity In order to test the effect of spatial heterogeneity on ticks and LIV, we introduced the spatial dependence in param-eters. To simulate the two contrasting habitats of forest and open heather moorland, we constructed space where there is a variable mortality rate in ticks to represent different habitat types. There is zero flux at the edge of space and also a zero flux boundary for grouse at the habitat boundary, preventing movement of grouse from moorland to forest. The zero gradient imposed at each boundary is therefore reflective and prevents movement at and through the boundary. We assume that the forest-moorland boundary is abrupt as is found with forestry plantations and adjacent moorland (Fig. 1a) . We assumed ticks to have a low mortality rate in the more stable and humid microclimate of the forest and a higher mortality rate reflecting the harsher environment of highly variable temperature, humidity and wind of the moorland. This was based on the differences in tick counts using blanket drags (Gray and Lohan 1982) . We describe this habitat effect on tick mortality in Fig. 1a ; we can relate the difference in tick numbers to tick mortality by using both the ratio of ticks in different habitats and by rearranging the equilibrium expression of free-living ticks in a system of including just ticks and deer:
Here, y is the relative density of ticks in moorland to forest habitat which is approximately y=6. The ratio was estimated above have an equal 1:1 size ratio of forest to moorland habitat. We altered the structure to increase the patchiness and thereby increased the number of forest/moorland edges using data gathered from both habitats using deer dung and tick counts at seven sites in the Scottish Highlands. Using the relative abundances within the forest and those in moorland over 100 m away from the forest edge, the ratio can be estimated and hence the relative tick mortality rates. First, we used deer as the only tick host in order to test the effect of deer movement rates on the distribution of ticks between habitats. In this model, we varied the rate of movement of deer (i.e. average distance moved by a deer over a specific period of time), but deer densities remained uniform between the two habitats, as seen in Fig. 2a , we set the density to be an arbitrary 1 km −2 .
The effect of deer movement on ticks and louping-ill virus prevalence
We investigated the R 0,virus in the different habitats with varying deer movement rates with introduced red grouse in the moorland habitat. We then ran simulations of the full model and allowed LIV infection to be present. Red grouse are a heather moorland species and do not inhabit forests. Therefore, in this model, they are not permitted to enter the forest through the zero flux boundary condition mentioned above. Next, we ran the model with different deer movement rates to test the effect of deer movement between habitats on different prevalence of LIV infection in ticks and grouse on moorland. We maintained grouse movement at a low level to minimise computational time. It was found to have a minor effect on the outcome compared to the movement of the deer.
The effect of habitat size ratio on ticks and louping-ill virus prevalence
We changed the habitat structure in terms of the relative size of each habitat type to explore the effect of landscape heterogeneity on ticks and pathogens. The landscape was set up as in Fig. 1b (i) , with one forest patch and one moorland patch with one boundary. We maintained a constant size of space and, therefore, all that we altered was the ratio of forest to moorland in terms of relative size of patches. Secondly, we represented the environment in the same structure as in Fig. 1b (ii), and again varied only the size ratio of the different habitats. In addition, we investigated habitat ratio by varying the size of the forest patch next to a constantly sized moorland patch. This was done by altering overall size of space and using the landscape as in Fig. 1b (i) . This showed the effect of size of neighbouring forest habitat.
The effect of habitat structure on ticks and louping-ill virus prevalence
To test the effect of landscape heterogeneity on ticks and LIV with enhanced biological reality, we increased the heterogeneity of the landscape further by creating a 1D mosaic. We maintained the overall size of the space, but this time, we also maintained a constant patch size ratio, i.e. the total area of each habitat type remained constant. However, we varied the structure in terms of the relative numbers of each habitat type to test the effect of habitat fragmentation. Examples of increasing habitat fragmentation are given in Fig. 1b (i to >iv) .
Results
The effect of deer movement on tick distribution: incorporating spatial heterogeneity
Habitat-induced mortality effects dictate the distribution of ticks and help provide the model with qualitative similar results in to those in the field data (Fig. 2b) . The model also predicts that with increasing rate of movement of the deer, tick densities fall in the forest and increase in the moorland (Fig. 3a) . As deer density is uniform over both habitats, it is the rate at which the deer move that is acting on the tick distribution: the higher the rate of movement, the more The effect of deer movement on ticks and louping-ill virus prevalence
We showed that the R 0,virus was highest in the moorland nearest the forest margin and was increased with increasing questing tick density facilitated by increased movement of the deer tick host (Fig. 3b) . The R 0,virus was zero in the forest as there are no red grouse in the forest. The simulations showed that (1) when proximity to the forest increases there is an increase in the prevalence of infection and hence a greater reduction in grouse density; and (2) increasing deer movement reduces grouse density (Fig. 3c ). This is due to a higher number of ticks being present on the moorland due to their influx from neighbouring forest while attached to deer. This allows the criteria of R 0 to be more easily met. An increase in grouse movement displayed a homogenising effect with a relative reduction in R 0,virus next to the forest and an increase further away (Fig. 3d) .
As forest patch size increases in relation to the moorland patch size, the effect of LIV-infected ticks increases and Fig. 3 The predicted effect of different frequencies of deer movement on a the distribution of ticks and b R 0,virus at different rates of deer movement with the resulting reduction of grouse density due to infection of LIV (c). As movement rate increases the density of ticks in the forest is reduced whilst increasing numbers in the moorland. This leads to greater infection and mortality in grouse. Deer movement varies (M D =1, 50, 100, 300, 500, 1,000), M G =10, Deer density, D=1 km −2
. By altering the grouse movement (M G =1, 50, 100, 300, 500, 1,000) (d) we demonstrate homogenization in R 0,virus across space, whilst deer movement remained constant (M D =1,000) reduces grouse density further (Fig. 4a) . The structure of the habitat mosaic has an effect on virus risk as well. The proportion of infected ticks actually decreases close to the forest edge due to the low density of grouse being unable to maintain the virus due to its very pathogenic effect. The landscape structure with two forest patches and one moorland patch had a greater proportion of grouse infected even though that structure had the same habitat size ratio as the structure with one forest patch to one moorland patch.
The proportion of surviving grouse in the constant sized moorland patch decreased as the size of the forest patch increased. This effect reached saturation point once forest size allowed the density of ticks to become sufficiently large for the number of deer; at this stage, their rate of movement becomes the limiting factor (Fig. 4b) .
The model predicts that with increasing patchiness and hence greater numbers of forest and moorland edges, there is an overall decrease in grouse density due to the increase of ticks facilitating greater LIV transmission in the moorland (Fig. 5) .
As habitat fragmentation increases, the increase in the proportion of infected ticks becomes saturated. This is because as the patchiness increases, a greater proportion of each moorland patch is affected by an edge effect. As a result, eventually all of a moorland patch is affected due to its smaller size; therefore, any further increase in patchiness will not lead to any further increase in infection. As fragmentation (the numbers of patches of each habitat per unit area) is increased indefinitely, space is effectively homogenised.
Discussion
This study used a SIR model incorporating continuous space, qualitatively validated by field sampling, to understand the effect of host movement and landscape heterogeneity on pathogen prevalence and persistence. We focused on the economically important LIV as a model system. Our model provides insights into both host movement and habitat heterogeneity as factors affecting the distribution of LIV. Firstly, host (deer) movement was demonstrated to 
Proportion of grouse survival
Number of forest patchs 8 6 4 2 Fig. 5 The predicted effect on prevalence of ticks infected with LIV by increasing the number of patches of the forest to moorland habitat. The size ratio of forest to moorland remained the same. Thus, the increase in patches is in effect an increase in fragmentation facilitate a net movement of ticks from forest habitat onto local moorland habitat. Secondly, prevalence of the effect of LIV increased due to a greater viable local tick population as a result of a greater influx of ticks associated with deer movement. Thirdly, we demonstrated that the relative size of the forest associated with the moorland is important; a relatively large forest patch can support a larger volume of ticks than a smaller forest patch. The larger patch is more resistant to any reduction in tick density by constant vectoring away by deer. Thus a large forest patch can provide a greater net movement of ticks, vectored by deer, onto the nearby moorland. Finally, by altering habitat heterogeneity, we demonstrated that increasing patchiness in the landscape can lead to a greater reduction in grouse density.
Our model builds on existing non-spatial models of the LIV system (Norman et al. 1999; Gilbert et al. 2001 ) but is also relevant to studies of other tick-borne diseases, such as B. burgdorferi, the agent of Lyme disease (Caraco et al. 2002) and, indeed, other vector-borne pathogens with multiple habitat types and multiple hosts with different habitat preferences (Van Buskirk and Ostfeld 1998) . By incorporating space and spatially dependent parameters, we have been able to factor in different habitats (in this case, woodland and moorland). In this way, the tick hosts are not just involved in tick reproduction (as in previous LIV models) but also in their distribution.
This approach can help our understanding of how a pathogen is distributed over a landscape and how an area can remain pathogen free. Our method may be a useful tool for informing disease management policies. In particular, it highlights qualitatively the areas that are of concern for managing deer movement and habitat composition, with areas of moorland interspersed with forestry being more at risk from high tick numbers and hence LIV. This effect may be mitigated by (1) reducing deer access to these woodland areas and/or using fencing to prevent deer moving from woods onto adjacent moorland or (2) by reducing the number of woodland patches adjacent to moorland.
We used continuous space to explicitly model the interface between the two habitats, forest and moorland. Our results indicate the extent of the effect of one habitat on another by demonstrating how far this effect extends into a neighbouring patch. In discrete space models, this effect is often only averaged across the neighbouring patch. This means there is a possibility of missing some of the finer scale edge effects. The use of reaction-diffusion in continuous space is well established as a suitable method for the use in modelling edge effects (Fagan et al. 1999) . There is strong evidence that habitat patchiness and edge effects play a role in species diversity and other community dynamics (Malcolm 1994; Davies et al. 2001) . Furthermore, it is thought that where processes occurring in different edge zones overlap, this interaction between edges may not be simply additive but interact in a way that is nonlinear where they intersect (Ewers et al. 2007; Fletcher 2005) . In our study, the model predicted that as patches and edges increased in number, edge zones began to overlap more and thus increased infection rates in grouse and ticks. This suggests that in areas of fragmented moorland and forestry, there might be a higher likelihood of tick borne diseases on the moorland. Therefore, different mechanisms, such as alterations in species composition (Allan et al. 2003) and direct edge effects, may lead to changes in disease prevalence, all of which are driven by habitat fragmentation. McCallum (2008) provides a good review of fragmentation and disease dynamics in which the effects of habitat fragmentation on pathogen prevalence, both increasing and reducing prevalence, are shown to be dependent on the construction of the specific disease system.
Vector-borne disease risk is dependent on the distribution of the vector and also on the presence of competent host species. As our model uses habitat differences and host distribution and movement to predict tick and pathogen distribution, it is generally applicable to other vector-borne pathogen systems with multiple hosts. There are some caveats, however, such as tick distribution not being a good indication of disease risk; sometimes, the two are not correlated at all (Ostfeld et al. 1996) . Indeed, we show that no LIV is present in the highest density of ticks (in the forest) as there is no virally competent host in the forest. Also, it is known that ticks are not distributed uniformly at any spatial scale, being found in aggregated patches within different habitats (Patrick and Hair 1978; Ostfeld et al. 1995; Maupin et al. 1991) . This further illustrates the importance of incorporating all competent viral hosts and their distribution in the landscape as well as acknowledging there is also heterogeneity and patchiness within each habitat type. This fine scale heterogeneity will have an effect on tick and pathogen distribution within habitats. A stochastic individual-based model may be an effective way in which to incorporate these effects of small scale heterogeneity.
There are often good data on ticks attached to hosts, for example feeding times; however, data for parameter estimation when ticks are questing and not attached to a host are less common and accurate. Therefore, accurately estimating questing tick density T s off
À Á
and attachment rate of ticks on grouse and deer (β g and β d , respectively) would be required before being able to model more quantitatively rather than qualitatively as we have done here. Further developments such as adding an extra spatial dimension would increase realism; however, the resulting increase in complexity may not necessarily give any more insight at this stage in to the aspects of space addressed. This of course is an area that could be considered in any future development of this model.
There is scope to expand this model incorporating more realistic seasonality in tick questing peaks in all stages of development (Vassallo et al. 2000; Randolf et al. 2002) . By developing the temporal facet of the model, insights in to the effects of different host and vector behaviours can be explored and related to time and habitat. Studies which have included both stage structure and spatial dimensions have demonstrated the importance of stage structure in maintaining and spreading disease (Van Buskirk and Ostfeld 1998; Caraco et al. 2002) . Modelling the stage structure of the tick may also require the inclusion of the rate of attachment (β g ) being dependent on attached ticks on grouse, so as to explicitly model the tick interaction on a host and transfer of infection between different stages of host. The addition of stage structure and the incorporation of other hosts demonstrated to have a possible interaction with the louping-ill virus, lepus timidus (Laurenson et al. 2003) would lead to more realistic estimates of LIV prevalence and hence areas of risk to further inform management strategies.
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Appendix: Derivation of equations
We will now describe how we attained the system equations.
Grouse and corresponding (attached) tick Eqs. 15-21 Let G j s x; t ð Þ be the density of grouse with j ticks, where σ ∊ {S, I} and 0 j N . Let G j;i R x; t ð Þ be the density of recovered grouse with j susceptible and i infected ticks, respectively. We define the following
Equations describing the evolution of G 0 s x; t ð Þ and G 0 I x; t ð Þ over time can be written as
where we assume that all grouse can reproduce and each newborn is susceptible and has no ticks. Now, for N À 1 ! j ! 1, we have
Summing over 0 ≤ j ≤ N then gives the following
Note that for the derivation of (22), we have used the following:
That is, we have assumed that N is sufficiently large that the corresponding density G N s is small and can, therefore, be neglected to leading order. We define the following quantities 
which, upon substituting (21) and (15), (17), (19), yields
and, using (22) and (16), (18), (20),
Now differentiating the expressions in (23) twice with respect to x gives
Substitution into (24) and using (23) then simplifies (24), after a little re-arranging, to
The rationale behind the unattachment of ticks is that each individual tick has a mean feeding time of 1/μg and the rate of detachment will be the inverse of this value. Therefore, if there are j ticks on the host, then total rate of detachment will be j times this value, namely, jμg.
Similarly, (25) becomes
Note that we have again used the assumption that G N s is small, so that P N À1 j¼0 G j s approximates to G s . The equation for G R can be derived in a similar way. Namely, we have:
for 1≤i≤N−1,
for 1 ≤ j ≤ N−1,
for 1≤j,i≤ N−1,
Summing over 0 ≤ j,i ≤ N then gives
We define the following quantities
to be the average number of (attached) susceptible and infected ticks per recovered grouse, respectively. Rearranging gives
Differentiating these expressions give
Substituting (37) and (28) to (36) into (39) then yields, after a little re-arranging
Substituting (41), we then obtain
assuming, similar to above, that N is sufficiently large so that Similarly, substituting (37) and (28) to (36) into (40) and using (42), we get
P Let D j (x, t) be the density of deer with j ticks, 0 ≤ j ≤ N. Note that attached ticks can be either susceptible or infected. Note also that, in this case, we also assume density dependence on tick uptake. Specifically, we assume that the uptake rate, β D , is given by
That is, uptake rate decreases monotonically as the number of already attached ticks increases, representing a limit of tick occupancy space on the deer. We take b D j > N ð Þ¼0.
An equation describing the evolution of D 0 x; t ð Þ over time can be written as
where D ¼ P N j¼0 D j and we assume, as for grouse, a logistic growth rate for deer and with each newborn having no ticks. For N À 1 ! j ! 1, we have
and for j=N
Summing over 0 j N gives the following
Similar to before, we define
to be the average number of (attached) ticks per deer, so that
Differentiating then gives
and
which, upon substituting (50) and (47) to (51), yields
which simplifies to
Questing tick Eqs. 24-25
Summing the uptake and drop-off terms from above gives the following
Note that we have additionally assumed a linear death term for ticks, with constant rate b T and a proliferative rate ρ t as the ticks drop-off deer (taking the newborn ticks to be susceptible).
From ( 
where α T denotes the rate of tick virulence due to infection. Simplifying, gives to leading order
